L10-FePt/パーマロイ交換結合二層膜におけるねじれたスピン構造の磁化ダイナミクス by ZHOU  WEINAN
Magnetization Dynamics of Twisted Spin
Structures in Exchange-coupled
L10-FePt/Permalloy Bilayers




          じょう うぇいなん 
氏 名           周   偉男 
研究科，専攻の名称 東北大学大学院工学研究科（博士課程）知能デバイス材料学専攻 
学 位 論 文 題 目          L10-FePt / パーマロイ交換結合二層膜におけるねじれたスピン構造の
磁化ダイナミクス 
論 文 審 査 委 員          主査 東北大学教授 高梨 弘毅 東北大学教授 北上 修 
             東北大学教授 杉本 諭  研究チーム長 今村 裕志 
                              （産業技術総合研究所） 
論文内容要約 
 
Magnetization dynamics of twisted spin structures in exchange-coupled L10-FePt / Permalloy bilayers 
 
Chapter 1 Introduction 
An exchange-coupled bilayer system composed of a soft magnetic layer and a hard magnetic layer is one of the model 
systems to study the static and dynamic behaviors of magnetic moments in the twisted spin structures. The exchange-coupled 
system has attracted much attention since it carries application potentials of the nano-composite permanent magnets or the 
recording media for hard disk drives. The magnetic properties and the electrical transport properties of the exchange-coupled 
systems have been investigated, however, reports on the dynamics of the exchange-coupled system are still small in number. A 
previous study using the exchange-coupled L10-FePt / Permalloy (Fe19Ni81; Py) bilayers with in-plane magnetization 
configuration showed unique dynamics of the twisted spin structure and the related phenomenon of low field switching in 
L10-FePt. For better understanding of the dynamics in the exchange-coupled system and the mechanism for switching field 
reduction, it is important to expand the magnetization configuration from the in-plane magnetized system to the 
perpendicularly magnetized system, where the hard magnetic L10-FePt is perpendicularly magnetized and a twisted spin 
structure is formed in the perpendicular configuration. The low field switching in the perpendicular configuration may also 
have a merit from the viewpoint of applications, since the current trend of hard disk drives requires the perpendicular 
magnetization. Thus, the first objective of this study is the switching field reduction in a perpendicularly magnetized system of 
exchange-coupled L10-FePt / Py bilayer nanodots. On the other hand, since the dynamics of the in-plane magnetized system 
has been well understood, it can be used as a model for the detection of other phenomena caused by dynamic excitation, which 
may bring new functionality to the exchange-coupled system. This study focuses on the spin motive force (SMF) in the 
exchange-coupled system, and the second objective of this study is the detection of SMF in an in-plane magnetized system of 
an exchange-coupled L10-FePt / Py bilayer element. 
 
Chapter 2 Experimental procedures 
The L10-FePt / Py exchange-coupled bilayers were prepared using a sputtering method. A buffer layer and a L10-FePt 
layer were deposited on MgO (100) and MgO (110) single crystal substrates for the perpendicularly and the in-plane 
magnetized systems, respectively, using an ultrahigh vacuum magnetron sputtering system. After the deposition of the FePt 
layer, the samples were transported to an ion beam sputtering system for the deposition of a Py layer and a capping layer. Then, 
microfabrication was carried out to define the L10-FePt / Py exchange-coupled bilayer elements as well as to fabricate the 
electrodes for the electrical measurement. The electron beam lithography and the Ar ion milling were employed for 
microfabrication. The structure of the L10-FePt layer was characterized using reflection high-energy electron diffraction and 
X-ray diffraction. The magnetic properties of the samples were measured using a magneto-optical Kerr effect (MOKE) system 
and a superconducting quantum interference device (SQUID) magnetometer. A lock-in amplifier, a signal generator and a 
vector network analyzer were used for the electrical measurements of samples. In addition to the above experiments, a 
micromagnetic simulation was carried out for the L10-FePt / Py bilayers. 
 
Chapter 3 Twisted spin structures in a perpendicularly magnetized system of exchange-coupled L10-FePt / Permalloy 
bilayer nanodots 
The structure and the magnetic properties were investigated for 10-nm-thick FePt single layer films, and FePt single layer 
films showed the L10 ordered structure and perpendicular magnetization. Then the 150-nm-thick Py layer was deposited on the 
FePt layer to form the exchange-coupled bilayer system. The L10-FePt / Py exchange-coupled bilayer exhibited in-plane easy 
magnetization axis due to demagnetizing field. In order to form the twisted spin structures in the perpendicular configuration, 
the FePt / Py bilayer thin films were patterned into nanodots with a diameter comparable to the thickness, which was useful to 
reduce the demagnetizing field of the Py layer. The magnetization curves of an array of the nanodots were measured, which 
showed a significant reduction of the demagnetizing field. The minor magnetization curves overlapped on the full 
magnetization curve under perpendicular magnetic field (H) 
are shown in Fig. 1. The full magnetization curve exhibited a 
two-step behavior during the magnetization reversal. For the 
measurement of the minor magnetization curves, the 
magnetization was first saturated by applying positive H, and 
then H was swept from positive to a certain negative value, 
which was defined as Hsp. At Hsp the sweep direction was 
reversed, and H was finally swept back to positive. When Hsp = 
-5 kOe, the minor magnetization curve was reversible, 
exhibiting the spring back behavior. When Hsp = -7 kOe, the 
minor magnetization curve showed hysteresis, indicating the 
switching of FePt. The spring back ratio was evaluated from 
the minor magnetization curves. The magnetization dynamics 
was investigated by measuring the ferromagnetic resonance 
(FMR) spectra of the array of L10-FePt / Py bilayer nanodots. 
When the twisted spin structure was formed, the multiple 
resonance peaks were observed in the FMR spectra, implying 
the existence of several kinds of resonance modes. In order to 
understand the detailed magnetic structures, micromagnetic 
simulation was performed for a L10-FePt / Py bilayer nanodot. 
Fig. 1 Minor magnetization curves with (a) Hsp = -5 kOe, 
and (b) -7 kOe overlapped on the full magnetization curve. 
These are the results for the array of L10-FePt / Py bilayer 
nanodots. The black and grey arrows denote the sequence 
for sweeping H. The diameter of the nanodots was about 
200 nm. 
The simulation well reproduced the full magnetization curve obtained experimentally. The results of micromagnetic simulation 
suggested the formation of magnetic vortex structure in the Py layer of nanodots. 
 
Chapter 4 Switching field reduction in a perpendicularly magnetized system of exchange-coupled L10-FePt / Permalloy 
bilayer nanodots 
The switching field (Hsw) reduction under rf magnetic field (Hrf) application was examined for the perpendicularly 
magnetized system of the exchange-coupled L10-FePt / Py bilayer nanodots. Two kinds of methods were used to evaluate the 
value of Hsw: one was an optical method measuring the polar MOKE loops of the nanodots, and the other was an electrical 
method exploiting the anisotropic magnetoresistance (AMR) effect of the nanodots. In the case of the MOKE measurement, 
Hsw of the FePt layer was evaluated under the application of Hrf  220 Oe with various frequencies (f). Hsw was 7.6 kOe in the 
case without Hrf application. On the other hand, under Hrf application there was a certain reduction of Hsw regardless of f, which 
was attributable to the Joule heating of the nanodots due to the high rf power input. In addition, Hsw reduction was observed for 
f = 10.5 GHz ~ 14.0 GHz. The minimum Hsw of 4.9 kOe was obtained at f = 10.5 GHz. In contrast to the MOKE measurement, 
the electrical method enabled to improve the design of nanodot, which led to the further reduction in the demagnetizing field. 
Hsw of the FePt layer was electrically evaluated by measuring the AMR curves. Hrf of about 200 Oe was applied to the 
nanodots. Figure 2 shows Hsw of the FePt as a function of f measured by the electrical method. The dashed line indicates Hsw = 
8.6 kOe without Hrf application. A large reduction of Hsw was 
observed in the range of 11 ≤ f ≤ 17 GHz. In this region, Hsw 
gradually increased as f was increased. The minimum Hsw of 
2.8 kOe was obtained at f = 11 GHz. The micromagnetic 
simulation well reproduced the experimental results, showing 
the same magnitude of Hsw reduction and the similar f 
dependence of Hsw. The micromagnetic simulation suggested 
the Hsw reduction was attributable to the excitation of the vortex 
dynamics in Py. The increase in the exchange energy due to the 
vortex dynamics excitation in the Py layer acted as a driving 
force for overcoming the energy required for the reversed 
domain expansion in L10-FePt, which resulted in the large Hsw 
reduction. 
 
Chapter 5 Spin motive force in an in-plane magnetized system of an exchange-coupled L10-FePt / Permalloy bilayer 
element 
The SMF was investigated for the in-plane magnetized system of the exchange-coupled L10-FePt / Py bilayer element. 
The bilayer element consisted of a 10-nm-thick L10-FePt layer and a 100-nm-thick Py layer. Two types of devices, A and B, 
were used for the measurement of SMF. The device type A had a simple structure and a relatively easy microfabrication 
procedure. The element was placed on the signal line of the coplanar waveguide (CPW). An in-plane Hrf was generated and 
used to excite the magnetization dynamics of the element. However, the large ac current directly flows through the element, 
Fig. 2 Hsw of the FePt as a function of f for the experiment 
(solid circles) and the micromagnetic simulation (open 
circles). Dashed line indicates Hsw without Hrf application. 
which may lead to the additional voltage. For the device type B, the bilayer element was placed in a neighbor place to the short 
end of CPW. A perpendicular Hrf was used to excite the magnetization dynamics of the element. This type of device had the 
advantage of the separation of Hrf generation circuit from the detection circuit. However, the device structure was complicated 
and more processes for microfabrication were required. Several peaks caused by electromotive force were observed at the 
saturated state of the magnetic structure by applying in-plane or perpendicular Hrf, while no large peak was detected when the 
twisted state was formed. The peaks appeared when the resonance condition was satisfied in the FMR spectra, suggesting that 
the peaks originated from the magnetization dynamics of the exchange-coupled system. The amplitude of the observed peaks 
was varied depending on the magnitude and f of Hrf. These characteristic dependences of the observed peaks were interpreted 
within the framework of SMF theory. 
 
Chapter 6 Conclusions 
This chapter states the conclusions of this study. 
 
 
